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Before I discuss the  current performance of 
e l e c t r i c  th rus tors ,  1 w o ~ d  i i k e  t o  present sume 
thoughts on the  broader subject of t h i s  panel, 
namely, the  fu ture  of e l e c t r i c  propulsion. I n  eval- 
uating the  fu ture  of a new system, one may ask 
whether something can be learned f r o m  the  develop- 
ment h i s tory  of older successful systems. 
consider, as an example, t he  development of t h e  
automobile. 
ences between t h e  way things were done i n  those 
days, as compared t o  these  days, there  may also be 
some ins t ruc t ive  similarities. 
Let us 
Although there  a re  many obvious d i f f e r -  
One of the  well-documented f a c t s  regarding the 
h is tory  of the  automobile is  t h a t  ear ly  owners and 
advocates were frequently taunted with the  cry, 
"Get a horse!" This advice w a s  par t icu lar ly  heard 
when, as often happened, there  was a malfunction of 
t h e  system (e.g., stuck i n  the  mud) o r  of one of 
i ts  subsystems (e.g., a f la t  t i r e ) .  There was at 
t h a t  t i m e  an ex is t ing  system (horse and buggy) which 
w a s  generally sa t i s f ac to ry  f o r  t he  missions f o r  
which it w a s  desigaed, and had b u i l t  up a very high 
r e l i a b i l i t y  factor.  Its fuel and propulsion system 
were reasonably inexpensive, and all subsystems had 
long shelf  l ife,  low maintenance cost ,  and were 
eas i ly  replaceable. Naturally, f e w  mission planners 
at t h a t  time were will ing t o  plan on using a new, 
more complex, system which was far from the  mission 
hardware stage. I n  t h e  language of our own time, 
w e  can express the  viewpoint of t he  prospective user  
as follows: 
"I r e a l i z e  that t h e  automobile, i f  it ever 
reaches f u l l  development, has grea te r  po ten t ia l  
speed and range than the  horse and buggy, but I 
don't  r e a l l y  need all t h a t  f o r  my contemplated 
applications. 
t o  go with current systems, o r  with simple modifi- 
cations thereof. For short-range missions, w e  have 
horse-drawn vehicles,  and f o r  long-range missions 
we have t r a i n s  and ships. I rea l ly  don't see any 
g rea t  need f o r  automobiles, at l e a s t  not f o r  the  
next decade o r  so. I n  f ac t ,  i f  you really want my 
opinion, I don't  think t h e y ' l l  ever be used except 
maybe f o r  sport o r  kicks. Think of t he  tremendous 
development cos t  involved i n  making the  automobile 
building t h e  new s t r e e t s  and roads needed t o  u t i l i z e  
t h e i r  po ten t i a l  speed would i n  i t s e l f  ruin the  
I can go as far and as fast as I want 
* i n t o  a useful, r e l i a b l e  system. Why, the  cost  of 
. country!" 
The above is qui te  a sound and r e a l i s t i c  
appra isa l  of t h e  fu tu re  of t h e  automobile a t  t h a t  
t i m e .  So, one may ask, how did  the  automobile ever 
g e t  developed? Actually, it was a very ine f f i c i en t  
process. A number of un rea l i s t i c  people, some of 
whom were i n  t h e  buggy business, figured t h a t  maybe 
someday, not t o o  far i n  t h e  future, a l o t  of people 
might want automobiles, f o r  one reason o r  another, 
and would s top  buying buggies. Consequently, a 
la rge  number of small new companies, i n  addition t o  
t h e  more adventurous established firms, began t o  
make automobiles. 
&& poFer& 'vi- BE-+=Z& -"x-,rictfee 04 y.tw.y-. 
(The "all-up" philosophy of t e s t i n g  was i n  vogue at 
t h a t  t i m e . )  This buildup of prototypes w a s  fu r the r  
stimulated by an increasing demand from people who 
wanted them f o r  fun,sport, o r  prestige. The develop- 
ment phase became extremely competitive, and only a 
f e w  companies eventually remained i n  t h e  business. 
The ea r ly  demand w a s  over-estimated and the  econom- 
i c a l  production methods needed t o  expand t h e  market 
were not ye t  developed. Later, as the  performance 
of t h e  system began t o  approach (and even exceed) 
t h a t  assumed by t h e  early enthusiasts,  and as cost- 
reduction procedures were in s t i t u t ed ,  t h e  demand in-  
creased exponentially, t o  t h e  extent t h a t  t h e  
e a r l i e r  competitive system (horse and buggy) was 
l a rge ly  replaced, even f o r  t h e  i imited missions f o r  - 
which it w a s  or ig ina l iy  designed and used. ?he 
moral of this, and many s imi l a r  technological 
s t o r i e s ,  is as follows: The most r e a l i s t i c  people 
f reqent ly  turn  out t o  be t h e  l e a s t  r e a l i s t i c  
people. 
They were made i n  many shapes and 
It is entertaining t o  speculate on the  following 
question: If one o r  more government agencies had 
been responsible i n  those days f o r  foreseeing the  
needs of t h e  country with regard t o  ground transpor- 
t a t ion ,  would automobiles have been developed faster 
o r  slower than they ac tua l ly  were, and with greater 
o r  l e s s  ult imate cost. O f  course, w e  m u s t  assume 
t h a t  t h e  agencies i n  question had t h e  same enlight- 
ened outlook on advanced technology that similar 
agencies have today. I would guess that, after a 
tremendous amount of discussion of pros and cons, at 
a l l  technical and management levels, among numerous 
advisory committees, i n  t he  per t inent  committees of 
Congress, and i n  the  Executive Offices, a decision 
would have been made t o  go ahead and develop the  
automobile, and t h a t  it would then have been devel- 
oped more rapidly and more e f f i c i en t ly  than it 
ac tua l ly  was. 
Such speculations are usually f u t i l e ,  and the 
recourse t o  h is tory  i n  predicting the  fu tu re  has 
many p i t f a l l s .  There is one lesson, however, that 
we proponents of e l e c t r i c  propulsion can learn. 
When anyone taunts us with t h e  advice YJse a chemical 
rocket!" w e  can adopt t he  quiet ,  superior smile of 
one who lmows t h a t  history i s  on his side.  O r ,  if 
t h a t  is  not s a t i s f ac t ion  enough, I am sure that a 
host of appropriate rejoinders will immediately come 
t o  mind. 
TBRUSTOR PERFORMANCE 
Turning now t o  the more l i m i t e d  subject of t h e  
status of e l e c t r i c  thrustors,  l e t  us examine the  
current overall  efficiency of t h e  more promising 
thrus tor  types as function of spec i f i c  impulse 
( f ig .  1). That well-tested workhorse ( o r  should I 
say work ca r ) ,  t he  Kaufman-type electron bombardment 
ion zhruscor i s  s t i l i  OUL i n  f ront ,  both w i t h  re-  
gards t o  overal l  efficiency and operating l i fe t ime.  
Both t h e  cesium and the mercury propellant versions 
of t h i s  t h rus to r  have at ta ined continuous operating 
l i fe t imes of more than half  a year, which i s  almost 
enough f o r  some interplanetary missions. 
improvements i n  efficiency and l i fe t ime are l i ke ly .  
Further 
Coming up rapidly with respect t o  eff ic iency a re  
the  MPD (magnetic plasma dynamic) a rc  thrustors .  
These thrustors ,  because of t h e i r  simplicity,  rela- 
t i ve ly  high th rus t  density, and low operating volt-  
age a re  potent ia l ly  competitors of the ion thrus-  
t o r s ,  pa r t i cu la r ly  fo r  use with high-current, low- 
voltage power systems such as photovoltaic o r  the 
thermionic. As yet ,  however, operating l i fe t imes 
are qu i t e  short .  Also power loss t o  produce the 
magnetic f i e l d  i s  qui te  high. This power loss i s  
not included i n  the e f f i c i enc ie s  shown i n  f igu re  1. 
Both of these deficiencies however, can be substan- 
t i a l l y  reduced with fu r the r  work. Whether t he  over- 
all eff ic iency and l i fe t ime w i l l  reach or exceed 
those of the ion thrustor  remains t o  be seen. 
Pulsed MPD thrustors  (plasma guns) a re  a l so  begin- 
ning t o  show eff ic iencies  comparable t o  the steady- 
flow ones, but many r a the r  d i f f i c u l t  operational 
and systems problems remain. 
I n  the  lower range of spec i f i c  impulses (800 - 
2000 seconds), the electrothermal thrustors  ( r e s i s -  
t o j e t s  and thermal arc j e t s )  a r e  s t i l l  dominant. 
The r e s i s t o j e t  i s  the f i r s t  of the family of e lec-  
t r i c  thrustors  t o  f ind actual  application i n  space 
missions. 
Air Force s a t e l l i t e ,  and another f l i g h t  version is  
being developed f o r  auxi l iary use on NASA Advanced 
Technology s a t e l l i t e s .  In t e re s t  i n  the a r c  j e t ,  on 
the  other hand, has declined, because there  seems 
t o  be no r ea l ly  su i t ab le  mission f o r  i t s  range of 
specif ic  impulse and efficiency. One could s a y ,  of 
course, t h a t  the MPD a r c  is a f e l i c i t o u s  marriage 
of work on the thermal a rc  J e t  with tha t  on cer ta in  
plasma thrustors ,  and therefore t h a t  the a rc  je t  has 
r ea l ly  transcended its previous l imitat ions.  This 
i s  another example of t he  f a c t  t h a t  surpr is ingly 
l i t t l e  of the research directed toward advanced tech- 
nologies i s  r ea l ly  wasted. The knowledge and experi- 
ence gained i s  often applicable elsewhere, and may 
Produce r ea l ly  valuable advances i n  uexpected direc- 
t ions.  
An ear ly  version has been used on an 
A former heavy favori te  i n  t h e  e l e c t r i c  t h rus to r  
race,  t he  ion accelerator  using cesium-tungsten con- 
tact  ionization, ha8 f a l t e r e d  somewhat, and is being 
worked on only f o r  possible sa t e l l i t e - con t ro l  appl i -  
cations, where it must compete with a number of 
other  systems such 88 t h e  r e s i s t o j e t  and electron- 
bombardment ion thrustor.  The reaaon f o r  the de- 
c l ine  of this favori te  i s  t h a t  it proved t o  be very 
d i f f i c u l t  t o  ge t  the required long operating l i f e -  
time a t  the  high current densi t ies  needed f o r  high 
e'fficiency with t h i s  thrustor .  
dens i t i e s ,  however, (and lower e f f i c i enc ie s ) ,  t h e  
du rab i l i t y  seems quite sat isfactory.  The primary 
source of inefficiency i n  the cesium-tungsten 
th rus to r  i s  the power radiated away by the  hot tung- 
s t en  ionizer.  I f  t h i s  power could be supplied d i -  
r ec t ly  as heat ( ra ther  than e l e c t r i c  power) from a 
high-temperature (Xl5OO0 K )  nuclear reactor ,  or 
possibly a radioisotope source, a l a rge  improvement 
i n  efficiency at moderate current density would re- 
s u l t ,  and i n t e r e s t  i n  t h i s  ear ly  f avor i t e  would 
again increase. This is  a par t icular ly  in t e re s t ing  
A t  lower current 
poss ib i l i t y  f o r  the high-temperature reactors  
needed t o  make advanced power systems (such as 
nuclear thermionics and MHD) r e a l l y  a t t r a c -  
t i ve .  
* 
M a n y  other makes and models of e l e c t r i c  t h rus to r  
t h a t  were proposed, and received support, i n  the 
ea r ly  hec t i c  years of t he  space program have been 
e i t h e r  quiet ly  abandoned, o r  have been directed to-  
ward purposes other than producing thrust .  These 
include travelling-wave plasma accelerators ,  pulsed 
plasma ejectors  of many species,  radio-frequency 
heated plasmas, and several  ion accelerators  using . 6 
r e l a t i v e l y  unsuitable ion sources. Some of these 
are s t i l l  under study because of t h e i r  i n t r i n s i c  
plasma physics i n t e r e s t ,  and some may well be re- 
surrected f o r  fu tu re  special ized th rus to r  applica- 
t i ons  which are not now contemplated. 
- 
Although much of the ea r ly  work on e l e c t r i c  
t h rus to r s  w a s  h a s t i l y  conceived, and i t s  urgency 
was oversold, t he  ne t  r e s u l t  of t he  a r t i f i c i a l l y -  
induced demand was an enthusiasm and competitive 
s p i r i t  which at l e a s t  enhanced the fun of working 
i n  the f i e l d .  
d r a f t  approach t o  a new technology, r e l a t i v e  t o  a 
more methodical approach, i s  d i f f i c u l t  t o  evaluate. 
I n  one sense, it i s  ine f f i c i en t ,  i n  t h a t  much more - 
money and e f f o r t  i s  spent i n  t h e  ea r ly  s tages  than 
is  warranted by a r e a l i s t i c  (conservative) appraisal  
of fu tu re  needs. But, on the other  hand, it rapidly 
c l a r i f i e s  t he  r e l a t i v e  value of a l a rge  number of 
a l t e rna t ive  approaches, many of which would appear 
much later i n  t h e  more methodical approach and 
would require  evaluation a t  t h a t  time. 
a t t r a c t s  many good people i n t o  the  f i e l d ,  some of 
whom produce good ideas and approaches which might 
not  otherwise appear at all. I therefore  lean to-  
ward the viewpoint t h a t  overstimulation of i n t e r e s t  
i n  t he  i n i t i a l  phase of development of advanced 
systems i s  ul t imately more e f f i c i e n t  and produces 
b e t t e r  r e s u l t s  than a more methodically planned and 
executed program. 
should be r e s t r i c t e d  t o  l a t e r ,  more expensive, 
phases of development. 
and development i s  qu i t e  prevalent now, and does 
n o t  r e a l l y  need as much defense as it once did. 
The p rac t i ca l  value of such a forced- 
It a l s o  
The r i g i d l y  methodical approach 
This philosophy of research 
Future Programs and Prospects 
The preceding discussion contains examples of 
t h e  f a c t  t h a t  t h e  r e l a t i v e  usefulness of e l e c t r i c  
t h rus to r s  is very dependent on the  type of power 
generation system with which it w i l l  be used. An 
advantage i n  th rus to r  efficiency, f o r  example may 
not be enough, i f  t h e  required power conditioning 
weight o r  power loss i s  large.  For maJor mission 
appl icat ions,  where propulsion system mass and pro- 
p e l l a n t  mass are major portions of the t o t a l  mass, 
t h e  spec i f i c  thrust of t he  e n t i r e  propulsion system 
( t h r u s t  per u n i t  mass) is  t h e  r e a l l y  s ign i f i can t  
parameter t h a t  should be maximized over t he  required.  
s p e c i f i c  impulse range. Nevertheless, s ince the  way 
i n  which the  subsystems w i l l  be combined w i l l  vary 
according t o  mission and development s t a tus ,  it i s  
use fu l  t o  define performance goals separately f o r  
each major subsystem. For t h i s  purpose, the goal 
of e l e c t r i c  t h r u s t o r  research can be s t a t e d  as 
follows: 
versus spec i f i c  impulse which l i e s  above 0.8 
( f ig .  1) over t h e  e n t i r e  range of spec i f i c  impulse 
from 800 seconds t o  20,000 seconds. 
c i enc ie s  should include any power-conditioning 
* 
t o  provide an envelope curve of eff ic iency 
These effi-  
losseh o r  auxi l ia ry  power requirements such as elec- 
tromagnet power, and should be a t ta ined  with operat- 
ing l i fe t imes  i n  excess of one year and spec i f i c  
weight l e s s  than one kilogram per kilowatt. 
Ideally,  t h i s  performance should be achievable with 
a s ing le  thrus tor  operating at constant power with 
easy and independent control of t h rus t  and spec i f ic  
inpulse (o r  mass flow and jet  velocity). Less 
idea l ,  but s t i l l  qui te  acceptable, would be use of 
two o r  t h ree  thrus tor  types t o  cover this wide 
range of spec i f i c  impulse. 
b i l i t y ,  a l l  mission applications presently contem- 
as soon as su i t ab le  space p o w e r  systems become 
available,  with only small penalties a t t r i bu tab le  
t o  the  thrus tor  subsystem. Many new ideas will be 
needed t o  approach t h i s  goal, and it w i l l  not be 
achieved easily.  
development of equally-ideal power generation sys- 
tems. 
With such th rus to r  capa- 
- pla te6  ?or riai-ti-ic pi-zi;<lois= cnulrl 3p mrlertaken 
It may even take as long as t h e  
Recent in te rp lane tary  mission studies,  a t  JPL, 
Lewis, and elsewhere, have shown t h a t  it is  not 
necessary t o  w a i t  f o r  these  idea l  th rus tors  and 
power systems i n  order t o  produce very s igni f icant  
improvements i n  mission capability. Use of w e l l -  
balanced combinations of chemical and e l e c t r i c  rock- 
ets having weights and performance now a t ta inable  
can produce sizeable improvements i n  payload and 
data-transmission a b i l i t y  f o r  unmanned dSs ionS  t o  
Mars, Venus, Jupiter,  and near approaches t o  t h e  
Sun. As both th rus to r s  and power generation sys- 
t e m s  improve, more and more advantageous applica- 
t i ons  w i l l  appear, so that a steady development to- 
ward b e t t e r  performance and wider usage becomes 
possible. 
I be l ieve  that this steady developnent is not 
only possible, bu t  extremely probable, because m, 
being a r a the r  nosy animal, does not often pass UP 
an opportunity t o  extend t h e  range and scope of h i s  
exploration i n t o  the  unknown. The only real hazard 
t o  t h e  fu tu re  of e l e c t r i c  propulsion i s  t h e  r a the r  
remote p o s s i b i l i t y  t h a t  controlled thermonuclear 
fusion o r  gaseous f i s s ion  reactors w i l l  become 
r e a l i t i e s  much sooner than we now think they w i l l .  
More spec i f i ca l ly ,  i n  t he  area of th rus to r  de- 
velopoent, t h e  fu tu re  NASA program includes: 
( a )  further improvement i n  efficiency and opemting 
lifetime of e lec t ron  bombardment ion t h r u s t O r S ,  
(b )  long-duration satell i te f l i g h t  test (by 1968) of 
an e lec t ron  bombardment ion thrustor,  ( c )  investiga- 
t i o n  of t h e  performance of a la rge  module (L-$ meter 
diameter) e lec t ron  bombardment ion thrus tor ,  (a) i n -  
ves t iga t ion  of o ther  ion and plasma thrus tor  Con- 
cepts t h a t  hold promise of exceeding the  performance 
of bombardment ion thrus tor  i n  some s igni f icant  
PhSma, and electrothermal th rus tors  t o  NASA d S -  
sions. 
. manner, and ( e )  s tud ies  of application of ion, 
I n  t h e  area of power generation, t h e  deve lopent  
Of large solar photovoltaic c e l l  arrays f o r  o ther  
appl ica t ions  w i l l  d i r ec t ly  benef i t  e l e c t r i c  p r o m -  
sion. 
used, with appropriate th rus tors ,  t o  increase the  
capab i l i t y  of solar and planetary probe vehicles 
hunched  by vehicle6 of t h e  s i z e  Of t h e  
Atlae/Centaur and Atlas/Agena 
that t h i s  combination of moderate-sized launch vehi- 
c l e s  and s o l m - e l e c t r i c  propulsion will be a rela- 
t i v e l y  inexpemive  way t o  conduct those probe mis- 
s ions ,  as  soon as su i t ab le  solar c e l l  -6 and 
Arrays i n  t he  range of 5 kW t o  20 kW CBZl be 
It seem likely 
thrustors are available. For the much higher  power 
leve ls  needed f o r  manned interplanetary missions, a 
continuation of present advanced technology programs 
on Rankine-cycle nuclear tu rbo-e lec t r ic  systems and 
nuclear thermionic systems should lead t o  develop- 
ment of one o r  two su i t ab le  systems during the  next 
decade. 
I n  short ,  t h e  future of e l e c t r i c  propulsion 
looks good, if one takes t h e  pa t ien t ,  long-range 
point of v i e w ,  and i f  one is not too " r e d i s t i c "  
about it. 
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